The cell association of copper in the yeast Saccharomyces cerevisiae can involve both binding to the cell wall and the accumulation of copper within the cell. The former process requires the concurrent generation of H2S by the cell via the reduction of sulphate. The contributions of each of these processes to the uptake of V u by wild type and met3-containing (ATP sulphurylase-deficient) strains have been kinetically dissected. The Michaelis constant for uptake ( 4 p~) is independent of the type of cell association which is occurring, suggesting, although not requiring, that both processes are associated with a common kinetic intermediate. The time dependence of the cellassociation of 64Cu also suggests the presence of this intermediate pool of bound copper. The Vmax for uptake includes a constant contribution from accumulation of 64Cu within the plasmalemma [ O e l nmol min-' (mg protein)-'] plus that fraction of the 64Cu within the intermediate pool which diffuses away and is trapped on the cell wall as a metal sulphide. This latter contribution to V,,, can be two-to three-times greater than the intracellular uptake depending on the amount and type of sulphur supplementation provided in the 64Cu2+ uptake buffer. Both processes are energy-dependent although the sulphide-dependent periplasmic accumulation is somewhat more sensitive to metabolic inhibition. This can be attributed to the ATP required for the activation of sulphate prior to its reduction to the level of sulphite and then sulphide. Periplasmic 64Cu accumulation is strongly inhibited by Zn2+ and Ni2+. This inhibition is due to competition for cell-generated sulphide; in the presence of %n2+ , the decrease in 64Cu bound is quantitatively related to the amount of 65Zn which becomes cell-associated. In contrast, intracellular 64Cu uptake is not inhibited by these two metals (at 50 p~) showing that the copper translocation pathway is metalspecific. These observations suggest a model for the way newly arrived copper is handled at the cell membrane and is partitioned for intracellular uptake.
Introduction
In previous studies on the fate of newly arrived (64)Cu in a wild type strain of the yeast, Saccharomyces cerevisiae, we have shown that the kinetics of uptake and distribution of this copper depended on the copper status of the cells (Lin & Kosman, 1990) . Cultures of this methionine prototroph grown in a nutritionally normal, sulphate-containing but copper-free medium ( [Cu] d 15 nM) exhibited a linear uptake of 64Cu. A variety of uptake data indicated that copper accumulation by these copper-naive cells was saturable, energy-dependent and relatively selective for Cu2+. These results confirmed earlier work by De Rome & Gadd in this yeast (1987) .
Subsequent kinetic, cell fractionation, metabolic and genetic studies showed that accumulation of copper by yeast was more complex than these initial results suggested (De Rome & Gadd, 1987; Lin & Kosman, 1990; Lin et al., 1993) . For example, the time-dependence of cellular accumulation of 64Cu in cultures which were copper-supplemented or preincubated with Cu2+ (10 p~) prior to initiation of 64Cu uptake was biphasic. The linear uptake as above was preceded by a rapid phase of cellassociation of 64Cu (ti = 1 min) due to isotope exchange with cell-associated, unlabelled copper. The distribution studies showed that this exchangeable copper was bound to the cell wall. The metabolic and genetic studies demonstrated that this copper was probably present as some form of CuS (Ashida et al., 1963; Kikuchi, 1965) since the appearance of this copper pool required the concurrent cell-dependent generation of sulphide. The data suggested a model of copper deposition on the cell wall in which this sulphide trapped copper before it entered the cell. An important finding was that the intracellular, non-exchangeable 64Cu was not mobilized into the periplasmic pool by cellular sulphide generation (Lin et al., 1993) .
In this paper, we have evaluated the uptake kinetics in a wild type strain in the absence of sulphate and in a met3-carrying strain which is blocked in the activation by ATP of sulphate, which precedes its reduction to sulphide (Masselot & Surdin-Kerjan, 1977; Jones & Fink, 1982) . These analyses are necessary to distinguish periplasmic deposition from actual trans-membrane accumulation into intracellular, metabolically active copper stores. These studies are needed to develop a more complete kinetic scheme and pathway for the partitioning of newly arrived copper in S. cerevisiae. Also, this paper focuses on the time and concentration dependence of the conversion of copper-naive cells to copper-treated ones with respect to the appearance of the exchangeable 64Cu pool in the periplasm. Since this conversion occurs at [ C U~+ ] , ,~~~~ w 1 p~ and greater, this copper metabolic pathway is operable at copper concentrations that can be found in some literature media (Difco Manual, 1984 , 10th edn, pp. 1135 -1141 and thus represents a fundamental aspect of normal yeast metabolism. Although the cellular response to elevated levels of copper and other transition metals has been studied in some detail in yeast and other micro-organisms (Kikuchi, 1965 ; Gadd &White, 1985; White & Gadd, 1986; Phelan et al., 1990; Greco et al., 1990) , cellular copper handling by yeasts at normal copper levels has been characterized in somewhat less mechanistic detail (Wakatsuki et al., 1979 (Wakatsuki et al., , 1988 Gadd et al., 1984; De Rome & Gadd, 1987) . The sulphide-dependent, periplasmic accumulation of copper could be easily dismissed as an artefact. However, it is important to recognize that since true wild type yeasts are prototrophs and thus sulphate assimilators (sulphide generators), they will be handling environmental copper in precisely the manner described in this work. In this report we suggest a working model for copper handling in S. cerevisiae which we hope will provide the necessary experimental framework for further studies on copper metabolism in this organism.
Methods
The strains, media, labelling protocols and analytical procedures are described in the preceding paper (Lin et al., 1993) . The kinetic data obtained in the work described herein were all fitted by non-linear regression analysis to the appropriate kinetic equation using the program ENZFITTER (Biosoft) A sulphate-supplemented culture of wild type strain AS2-2A accumulates 2-50 nmol @Cu (mg protein)-' per 30 min, whereas a sulphate-depleted culture accumulates 0.86 nmol (Lin et al., 1993) . To explore the mechanism underlying this difference in accumulation of 64Cu explicitly, @Cu uptake by such cultures was determined and is shown in Fig. 1 . The data show that the linear uptake of 64Cu by sulphate-supplemented culture was 2-3-fold that of the sulphate-depleted culture as predicted by the net accumulation measured previously.
The role of sulphate (and sulphide) in the kinetics of cell-association of @Cu was investigated further. First, with the wild type strain AS2-2A, either the sulphate concentration in the uptake buffer was increased from 5 p~ to 10 mM, or sulphite (0.2 mM) was added; the uptake velocities of these cells (which were grown in the absence of sulphate) in these two uptake mixtures at 10 p~ 64C~.His2 were increased from 0.126 to 0.236 and 0.312 nmol 64Cu min-' (mg protein),-' respectively. As reported previously, with 10 mM-sulphate or 0.2 mMsulphite in the uptake buffer, sulphate-depleted AS2-2A Fig. 1 . Time-dependent cell association of @Cu2+ in wild type and met3 mutant strains of S . cerevisiae grown in sulphate-depleted or sulphatesupplemented media. Cultures were grown and prepared for %u2' uptake as described by Lin et al. (1993) . Cellular accumulation of %u2+ was measured in the presence of 10 ~M -~C U . H~S~ with or without 5 pM-sulphate at 30 "C. The samples were: wild type strain AS2-2A with 5 pM-sulphate (0); wild type strain AS2-2A without sulphate (m); and mutant strain S30 (met3, ATP sulphurylasedeficient) with or without sulphate (not significantly different, 0). The SEM (n = 4) for the data points were between 6 and 15 YO. 30 min, respectively, or 1.7-and 2.3-fold more than in the presence of 5 pi-sulphate (Lin et al., 1993) . These data demonstrate the expected positive correlation between the initial velocity of 64Cu accumulation and the net 64Cu accumulated as a function of cellular sulphide generation. Second, a mutant strain, S30, was used; this strain carries a defect at the MET3 locus which codes for ATP sulphurylase, the enzyme which activates sulphate for its subsequent reduction to sulphite and then sulphide (Masselot & Surdin-Kerjan, 1977) . The time dependence of 64Cu2+ uptake by this strain was determined at 10 PM-6 4 C~-H i~2 (Fig. 1, 17 ). This uptake was independent of the presence of sulphate (see legend). The time-dependent uptake of 64Cu by S30 was similar to that of the sulphatedepleted culture of wild type strain AS2-2A (H) and was 40% of the uptake by the sulphate-supplemented one (0). Based on a cellular volume of 60 pm3 (Stevens, 1982) , at t = 90 min, strain S30 'concentrated' the 64Cu about 25-fold relative to the medium. This contrasts to the 100-fold 'concentration' of 64Cu2+ by a sulphatesupplemented wild type strain. This difference represents the 64Cu accumulation in the periplasmic, exchangeable pool in the latter case (Lin et al., 1993) .
Thus, the kinetic data are consistent with the distribution profile of cell-associated 64Cu in that increased sulphide generation, which supports increased total 64Cu accumulation, also supports a quantitatively equivalent increase in the initial velocity of 64Cu uptake. This is true whether the sulphide generation is altered by supplementation with sulphide precursors or by genetic backgrounds which impair enzymic steps upstream from this metabolic intermediate in sulphate assimilation. The data also support a model in which the increase in cellassociation of copper which correlates to sulphide is due entirely to increased accumulation in the periplasmic, exchangeable pool of 64Cu.
Kinetic analyses of @Cu uptake by sulphate-depleted and sulphate-supplemented cultures of wild type S. cerevisiae and by mutant strain S30
The initial velocities of &ICu accumulation from 64Cu -His, by sulphate-depleted and sulphate-supplemented cultures of AS2-2A as a function of [Cu2+] were determined. The kinetic constants derived from a nonlinear fit of these data to the Michaelis-Menten equation are given in Table 1 . Kinetic constants for 64Cu uptake from 64C~(H20)p are given also (Lin & Kosman, 1990) .
The importance of these kinetic constants derives from the fact that the sulphate-supplemented culture partitions and accumulates 64Cu into both the periplasmic, exchangeable as well as the intracellular, non-exchangeable pool, whereas the sulphate-depleted culture accumulates 64Cu into the non-exchangeable pool only. The difference in Vmax values reflects this fact. Since the fitted Km value for T u uptake appears sulphate-independent, the accumulation of 64Cu into these two pools may be mediated by the same component(s) in the very early stages of 64Cu uptake. Significant also is the fact that the state of ligation of the Cu2+ does not markedly alter the kinetic constants for uptake in sulphide-generating cultures (cf. lines 2 and 3, Table 1 ). However, this uptake represents a majority (70%) contribution of 64Cu in the C.-M. Lin, B. I;. Crawford and D. J. Kosman periplasmic, exchangeable pool but only a 30% contribution by 64Cu in the intracellular one. Thus, a specific effect of histidine on 64Cu uptake into the latter, minority pool might be obscured in these data.
The uptake kinetics of the Met-strain (met3) confirmed, however, that intracellular accumulation of 64Cu from the hexaaquo Cu(I1) ion was kinetically indistinguishable from the uptake from Cu(I1) -His, (Table 1) .
Thus, copper appears to enter the intracellular pool as the free ion and not complexed to an extracellular ligand. Note too the close similarity of Vmax values for the two strains under comparable conditions (e-g. no sulphide generation) consistent with the suggestion that the dependence of Vmax on [sulphate],,,,, for strain AS2-2A was due to the level of sulphide generation.
Efects of carbon source and metabolic inhibitors on @Cu uptake by mutant strain S30 We have shown that ATP is required to sustain net 64Cu accumulation by sulphate-supplemented wild type strain AS2-2A (Lin & Kosman, 1990) . ATP is required for the activation of sulphate prior to its reduction (Masselot & Surdin-Kerjan, 1977) and could be necessary for the active transport of copper across the plasmalemma (De Rome & Gadd, 1987; Lin & Kosman, 1990) . To assess the relative ATP requirements for the sulphde-dependent, periplasmic 64Cu cell association and intracellular copper accumulation, the effects of carbon source and metabolic inhibitors on 64Cu uptake by the Met auxotroph S30 were determined (Table 2) . Glucose depletion caused an 84% inhibition of uptake; uptake did not require glucose (glycolysis) specifically, however, since glycerol/ethanol supported 64Cu accumulation (74 % of the glucose control). The metabolic inhibitors azide and DNP inhibited uptake by 74 and 87 YO, respectively, with glycerol/ethanol as carbon sources. These results confirm that ATP, and, perhaps, a transmembrane Ap (BorstPauwels, 1981; White & Gadd, 1987 ) is required to sustain @Cu incorporation into the intracellular, nonexchangeable pool.
Efects of cycloheximide and other metals on @Cu uptake by mutant strain S30
The effects of cycloheximide and other metals on the 64Cu uptake velocity of the met3-containing strain S30 were determined. This was done to demonstrate directly the role of protein synthesis in intracellular (transmembrane) copper uptake and the metal-specificity of this uptake. Treatment with cycloheximide resulted in a 50% reduction in the uptake velocity at 10 pM-64CU*HiS2 with respect to the no cycloheximide control (Table 3 ). The concentration of cycloheximide used here was that which inhibited protein synthesis completely. Note that cycloheximide inhibits total (intracellular plus periplasmic) 64Cu uptake by sulphide-generating cultures > 85 % (Lin & Kosman, 1990) .
The intracellular uptake process appeared very selective for copper since 50 pM-Zn2+ or -Ni2+ did not significantly inhibit @Cu uptake into the intracellular pool in strain S30 (Table 3 ). This was in contrast to the 50 O/ O inhibition of total 64Cu accumulation by a sulphatesupplemented wild type strain, which represented accumulation into both the periplasmic and intracellular pools (Lin & Kosman, 1990) . That this difference in inhibition was due to competition by Zn2+ with Cu2+ in the periplasmic, exchangeable pool was demonstrated by two experiments. First, the distribution of 64Cu accumulated in 30min by wild type strain AS2-2A in the presence of 50 pi-ZnZf (at 10 j~M-~~cU*His, and 5 p~-sulphate) was determined. The Zn2+ reduced net 64Cu accumulation from 2.57 to 1.31 nmol 64Cu (mg protein)-'. This decrease (-1-26 nmol @Cu) could be accounted for quantitatively by a reduction in the periplasmic, sulphate-dependent pool of exchangeable 64Cu from 1-63 to 0.35 nmol 64Cu (mg protein)-' (-1.28 nmol @Cu). This decrease represented an 80% inhibition of 64Cu accumulation in the exchangeable pool.
In a second experiment (data not shown), the accumulation and exchange of 65Zn was investigated in sulphate-supplemented cultures of AS2-2A, grown in either the absence or presence of Met (which suppresses sulphide generation), and in cultures of mutant strain S30. Met repressed 65Zn accumulation by AS2-2A by 50 %, a decrease which correlated to an 80 % decrease in an exchangeable pool of 65Zn (cells challenged with 20 pM-co1d Zn2+). Consistent with this result, the 65Zn accumulated by mutant strain S30 was entirely nonexchangeable ; the amount of this non-exchangeable 65Zn was equivalent to the amount of 65Zn accumulated by AS2-2A into the non-exchangeable pool. These results strongly suggest that Zn2+ from the medium, like Cu2+, can be entrapped on the cell wall of S. cerevisiae into an exchangeable pool, and that the two metals can compete for the cell component(s), probably H,S, involved in this deposition.
Kinetic analysis of the partitioning of newly arrived @Cu To determine if the concentration of 64Cu2+ used to label the cells or the concentration of cold Cu2+ used in the chase quantitatively altered the distribution of newly arrived V u , and thus provide kinetic evidence for a specific distributive pathway, two experiments were performed. In the first experiment, cells were labelled at various medium 64Cu -His, concentrations but chased with a constant [Cu"] of 10 PM (Fig. 2a) . The data Met-strain S30 (rnet.3, ATP sulphurylase-deficient) was grown to OD,, = 0-8-1.2. In the cycloheximide experiment, cycloheximide (100 pg ml-') was added for either 20 min or 3 h. Cells were then washed five times with MES-glucose buffer and resuspended in the same buffer (no cycloheximide) to OD, , = 1.0. Uptake was initiated by the addition of 10 p~-@ C u . H i s~. The initial velocity was determined by the difference of cell-associated 64Cu between two time points (t = 0 and 3 min). In the metal ion inhibition experiments, either Zn2+ or Ni2+ was added simultaneously (to 50 p~) with 6 4 C~-H i~2 to initiate uptake (no pretreatment with cycloheximide). showed that after 30 min labelling at medium [64Cu2+] = 1 PM, the exchangeable pool represented 18% of the total 64Cu accumulation, whereas at [@Cu2+] 2 2.5 p~, this pool was constant at 74+4% of the initial cellassociated 64Cu. Previous data showed that at medium [Cu2+] = 15 nM, there was little detectable exchangeable @Cu (Lin & Kosman, 1990; Lin et al., 1993) . In the second experiment, cells were labe!led at 10 ~M -@ C U * His, ([sulphate] = 5 p~) but the washed cultures were chased unlabelled Cu2+. This result indicated that the retained fraction of 64Cu after a cold copper chase was independent of the Cu2+ concentration used in the chase. The K, value for copper-naive, sulphate-supplemented cells was 4.4 p~ (Table l), thus the initial rate of uptake during the 64Cu2+ pulse was expected to be directly proportional to [Cu2+] between 1 and 5 p~. Thus, not only the fraction retained (Fig. 2 a) but also the total pool size, was changing. These results suggest that 64Cu enters with various Cu2+ concentrations (Fig. 2b) . In this case, the results showed that at all chase concentrations of Cu2+ the fraction retained was 30+4% although the velocity of exchange was reduced at 1 and 2.5 p~-a non-exchangeable pool first and fills it to some extent before 64Cu can become associated with the exchangeable one. Based on these data this non-exchangeable pool could be the same or different from the one which represents the 25% of total @Cu characterized as nonexchangeable in the limit (see below).
Additions to
The time-dependence of the fate of newly arrived 64Cu was investigated to kinetically characterize this putative intermediate copper-binding pool (Fig. 3) . In this experiment, wild type strain AS2-2A was grown in the copper-free, sulphate-containing medium and then incubated with 10 ~M -~~C U -His, in MES-glucose buffer for the time period as indicated (see legend) prior to washing and exposure to a 10 pM-cold Cu2+ chase. The initial fast 64Cu accumulation associated with the apparent exchangeable pool(s) has been shown to occur only in sulphat e-supplemented, Met pro t o trophs pre-exposed to copper (Lin & Kosman, 1990; Lin et al., 1993) . The data demonstrate a well-resolved time dependence in the appearance of this exchangeable pool (Fig. 3 a) . The data show that the fraction of the total cell-associated 64Cu which could be exchanged reached a limiting value at 10 min of labelling (Fig. 3 b) . These results are consistent with the inference above that when @Cu2+ is present at (84) 74 (26) 26 (74) 13 (87) 50 (50) 100 (0) 0.10 3.8 100 3 (100) 56 (51) 23 (78) 18 (96) 50 (71) 20 ( 10 ~L M in the buffer, an initial step might be required before newly arrived 64Cu appears in the exchangeable pool. The data suggest a model in which newly arrived 64Cu accumulated first in an intermediate, but nonexchangeable pool before it subsequently partitioned into the two types of detectable, end-point copperbinding pools, one exchangeable, the other non-exchangeable. This partitioning appeared to follow firstorder kinetics (Fig. 3 b) . Indeed, these data could be fit by a single exponential with k = 0.3 min-' as shown in Fig. 
(4-

Discussion
The properties of and kinetic constants for @Cu accumulation into the two cellular copper-binding pools in wild type, sulphate-supplemented S. cerevisiae are summarized in Table 4 . This comparison suggests the following conclusions about copper accumulation in this yeast. First, in H,S-generating cultures and at [copper] > 1 p~, copper uptake is dominated by the ATP-dependent reduction of sulphate. This is demonstrated by the partitioning results presented in the preceding paper (Lin et al., 1993) and the kinetic results shown here. This is indicated also by the stronger inhibition of sulphidedependent, periplasmic @Cu accumulation by energy depletion or limitation in comparison to the effects of such treatments on intracellular uptake of the metal (Table 4) . That the metabolic inhibitors DNP and azide inhibit the two processes to the same extent is not contradictory to this conclusion. Rather, the effects of these compounds can be taken as evidence that intracellular uptake requires a DNP-sensitive H+ (cation) gradient (Borst-Pauwels, 1981 ; De Rome & Gadd, 1987; White & Gadd, 1987) and/or an azide-sensitive metal reduction.
The effect of Zn2+ or Ni2+ also distinguishes these two processes ; the importance of dissecting copper uptake as done here is well-illustrated by the difference in inhibition by either metal on intracellular only versus total uptake. The data show clearly that the pathway for copper uptake into the cell is specific for copper; it is inhibited weakly by Zn2+ if at all. This fact is obscured when inhibition of copper 'uptake' by Zn2+ is assayed in cells which are actively generating H2S. Indeed, Zn2+ is an excellent competitor for the cell-generated sulphide and thus is an effective inhibitor of copper accumulation in the periplasmic pool.
Cycloheximide treatment resulted in a > 85% reduction in the 64Cu2+ uptake velocity in the sulphatesupplemented wild type strain AS2-2A (Lin & Kosman, 1990) . In this strain, 70 % of the total cell-associated 64Cu is partitioned into the periplasmic pool, whereas 30 % is delivered into the intracellular pool. In contrast, cycloheximide caused only a 50 % reduction in @Cu2+ uptake by the met3-containing strain S30 (Table 4) . This difference indicates that out of the observed 85% inhibition by cycloheximide seen overall in the MET3 wild type sulphate-supplemented cells, the reduction of intracellular 64Cu accumulation would have accounted for only 15 YO (50 % inhibition of the 30 % of the total 64Cu which was intracellular). The remaining 70 % reduction in uptake must be due to the essentially complete inhibition by cycloheximide of the sulphidedependent, periplasmic aCu accumulation. Thus, this T u accumulation appears more sensitive to cycloheximide than does intracellular 64Cu accumulation. The extreme cycloheximide sensitivity of this pool may indicate that one or more of the enzymes involved in the activation and reduction of sulphate (Masselot & SurdinKerjan, 1977 ) has a limited half life (ti < 4 min).
Alternatively, cycloheximide could have a more direct effect on the components in this pathway. Unfortunately, information relevant to either possibility does not appear in the literature.
The kinetic data indicate that copper enters the cell as the free ion; fractionation and chromatographic results show, however, that it does not exist as a 'free' copper ion after entering the cell (Lin et al., 1993) . The lack of copper efflux shows this strongly also (White & Gadd, 1986; Lin & Kosman, 1990; Lin et al., 1993) . Thus, intracellular copper is not in thermodynamic equilibrium with respect to the medium. This consideration implies that the demonstrated energy requirement for the intracellular accumulation process is not associated with the maintenance of a copper concentration gradient. It is most likely involved in the uptake process per se, perhaps associated with the maintenance of a counter-cation gradient, as noted above (Gadd et al., 1984; De Rome & Gadd, 1987) .
The comparative kinetic analyses of intracellular versus total 64Cu uptake is, overall, most informative about the way medium Cu2+ interacts with the yeast cell. The Vmax value observed for Met wild type, sulphatesupplemented cells represents intracellular 64Cu accumulation plus that fraction of @Cu which was sulphidetrapped. The intrinsic Vmax value of the single, kinetically distinguishable, saturable process may be larger than the one measured, since this value may be limited by the amount of sulphide generated. Thus, the amount of copper which interacts with the saturable element and then diffuses back into the periplasm (ultimately the medium) may be much larger than the amount which is actually measured as being trapped by sulphide. This inference is supported by the fact that the uptake velocity of the wild type culture increased as [sulphate] was increased. Addition of sulphide promotes the accumulation of even more T u , > 95% of which is cell wallassociated and exchangeable (Lin et al., 1993) .
The fitted K, value is independent of the state of ligation of the Cu2+. Also, the uptake data can be fitted to a single kinetic (binding) isotherm -a single K, valueirrespective of whether intracellular uptake only or both periplasmic and intracellular uptake is being measured.
The lEl, values determined here are similar to the K,, 1.1 p~, determined for the Met prototroph (sulphidegenerating) strain x2180 (De Rome & Gadd, 1987) . The fit to a single isotherm can indicate that the periplasmic, H,S-dependent, exchangeable copper pool derives from the same saturable process as does the intracellular copper pool, but does not prove it. Fitting the data to an equation describing two binding isotherms showed that no strong discrimination between the two fits could be demonstrated for two K, values differing by less than 2.5-fold (data not shown). Within this limitation, these facts together suggest the following model of Cu2+ uptake in S. cerevisiae, illustrated in Fig. 4 . (i) A kinetically undetectable ligand dissociation step (step 1) occurs prior to the interaction of the 'free' copper with the primary membrane component associated with kinetic saturation (step 2). This ligand dissociation is indicated by the fact that the kinetic constants are the same for Cu(H,O)F and Cu-His,. Reduction of the liganded Cu(I1) to Cu(1) by a membrane metal reductase is a reasonable driving force for this ligand displacement. Such reductases are wellknown in yeasts (Crane et al., 1982; Lesuisse et al., 1990; Wakatsuki et al., 1991) and are involved in the uptake of Fe(II1) (Lesuisse et al., 1987; Lesuisse & Labbe, 1989; Dancis et al., 1990 Dancis et al., , 1992 . As the kinetic data here indicate for Cu(I1) uptake, Fe(II1) reduction, although required, does not appear rate-limiting for uptake of Fe3+ from the medium (Dancis et al., 1990) .
(ii) Since the K, value for sulphate-supplemented cells appears to be the same as that for sulphate-depleted cells, copper perhaps as Cu(I), interacts with this primary membrane component before it is partitioned into intracellular (non-exchangeable) and periplasmic (exchangeable) accumulation processes (steps 4 and 5, respectively). Neither Zn2+ nor Ni2+ inhibit this interaction or the partitioning event.
(iii) In the absence of sulphide generation, the copper partitioning into the periplasmic accumulation process simply diffuses back into the extracellular medium since the Vmax value is lower in this condition.
(iv) In the presence of sulphide, the CU+/~+ diffusing away from the membrane uptake system interacts with sulphide in the periplasm. The resulting CuS is deposited there into the exchangeable pool on the cell wall. Zn2+ can compete with the copper for the sulphide at this step.
(v) The observed Cu2+ concentration and time dependencies in the appearance of the sulphide-dependent, exchangeable 64Cu pool (Figs 2 and 3) suggest two mechanistic possibilities. First, these observations may indicate simply that the copper in this pathway must accumulate to some threshold level before precipitation of CuS can occur in or on the cell wall (Kikuchi, 1965) . Alternatively, they could suggest a more complex model in which downstream from the saturable component (step 3) a small, intermediate, non-exchangeable pool exists from which (excess) Cu+12+ diffuses away (step 5) without entering the intracellular uptake pathway (step 4). This 'excess', or, as noted, some fraction of it, subsequently interacts with sulphide.
This model (Fig. 4) suggests that the velocity of translocation of the copper across the plasma membrane (step 4) is comparable to the Vmax associated with the saturable component as measured in Met auxotrophs, or in any strain in the absence of sulphate [O-1 nmol Cu min-' (mg protein)-']. Indeed, this velocity may be that VmaX. Kinetically, this model is comparable to that associated with an enzymic double-displacement mechanism (first half-reaction, k = 0-3 min-', step 3) in which the catalytic, enzymic intermediate (read 'pool') is partitioned between two alternative acceptors in a system which is rate-limited at the partitioning step (second halfreaction, Vmax for the translocation pathway, step 4) (Fersht, 1985) . Confirmation of this model at the molecular level will require identification of the cellular components associated with the four steps proposed here : Cu(I1) reduction ; Cu(1) binding (KJ ; binding in an intermediate fraction; and translocation. Characterization of these components is the focus of continuing investigation.
